Coumarin, at concentrations between 1.0 and 0.1 mM, inhibited red light-induced opening of the etiolated bean hypocotyl hook. In addition, anthocyanin synthesis and geotropic bending were inhibited. Coumarin stimulated ethylene synthesis, and ethylene was shown to mediate the inhibitory actions of coumarin. This conclusion was supported by: (a) the parallel concentration dependence and time sequence of hook closing and ethylene synthesis, (b) the restriction of the bulk of coumarin-induced ethylene production to the curved portion of the hook where opening is expressed, (c) the ability of both coumarin and ethylene to reclose partially opened hooks, and (d) the In the course of a study of bean and cotton seedling development (28), we observed that coumarin is a striking inhibitor of hypocotyl hook opening. Auxin is known to have a similar inhibitory effect on hook opening (17), a property which it shares with ethylene (12, 15). Further, endogenous ethylene has been shown to regulate the hook opening process (12, 13, 15 ).
In the course of a study of bean and cotton seedling development (28), we observed that coumarin is a striking inhibitor of hypocotyl hook opening. Auxin is known to have a similar inhibitory effect on hook opening (17) , a property which it shares with ethylene (12, 15) . Further, endogenous ethylene has been shown to regulate the hook opening process (12, 13, 15) .
An explanation of the growth-inhibiting effect of exogenous auxin has developed from the demonstration that auxins stimulate synthesis of ethylene (23, 24) . This phenomenon was proposed to explain the similar effects of auxins and ethylene on several plant responses (14, 23, 24) , thus repeating a hypothesis advanced in 1935 based on indirect evidence (32) . Subsequently, induced ethylene synthesis was shown to mediate inhibition of growth of stem sections observed in response to supraoptimal levels of auxin (6) .
The above facts suggest that coumarin may achieve part or all of its inhibitory action via modification of ethylene synthesis. This report describes several effects of coumarin on the bean hypo- cotyl, some of which appear to be mediated by ethylene produced in response to the inhibitor.
MATERIALS AND METHODS
The culture of etiolated bean (Phaseolus vulgaris L., cv. Black Valentine) seedlings and handling of excised hypocotyl parts were described in detail previously (28) and will only be reviewed briefly. Seeds were germinated in the dark, and after 5 days hypocotyl parts were excised under a green safe light. Hooks were excised and placed at random into Petri dishes or Erlenmeyer flasks containing two pieces of Whatman No. 3 filter paper and 10 ml of liquid. In specific experiments the crooked portion of the hook was excised at a point opposite the apical end of the hook to yield a straight section of hypocotyl 20 mm in length. Ten hooks or hypocotyl sections were used per flask or dish representing one replication.
Coumarin was supplied in aqueous solutions, and controls received distilled water. Coumarin (K&K Laboratories, Inc., lot 39220L) was purified by recrystallizing it twice from an aqueous ethanol solution. The recrystallized material had a sharp melting point at 69 to 70 C and was used in all experiments subsequent to the initial test (Fig. 1 ). Exposure to red light (28) or darkness occurred after the tissue pieces were in the various solutions. The number of replications, concentrations of coumarin and duration of red light exposure, where applicable, are given in the various legends.
Hook angles were measured 22 to 24 hr after excision as previously described (17, 28) . Fresh weights were obtained after other determinations. In some tests anthocyanin pigments were extracted with 3 volumes of 0.1 N HCI. The extract was brought to 12 ml/g fresh weight with 0.1 N HCI, and the relative pigment content was measured at 520 nm with a Beckman DB spectrophotometer.
When ethylene was to be measured, tissues were placed in 500-ml Erlenmeyer flasks closed with rubber stoppers in which the holes were fitted with serum bottle caps. Air samples of 10 ml volumes were withdrawn with gas-tight syringes at specified intervals, and ethylene was determined by gas chromatography (22) . The identity of ethylene was verified as before (22) .
Data were analyzed by calculating analysis of variance, Duncan's multiple range tests, and standard errors. Standard errors less than 1 % are not shown. supported by other experiments, except that the decline in growth between 0.75 mm and 1 mm did not always occur.
In the course of this study we observed that the geotropic bending exhibited by excised bean hooks placed horizontally was inhibited by concentrations of coumarin which caused hook closing. Further, the synthesis of anthocyanin following exposure to room light was significantly inhibited by coumarin at 1 mm (Table I) . Inhibition of pigment synthesis occurred simultaneously with an increase in the fresh weight of the hooks (Table I) .
The effect of coumarin on ethylene production by etiolated hooks was tested by incubating hooks in flasks in the dark for 18 hr and sealing them during an additional 6 hr. Under these conditions there was a marked stimulation of ethylene synthesis (Fig.  2) . The concentration dependence for hook closing and ethylene synthesis was very similar. Hook closing and a major increase in ethylene synthesis occurred between 0.25 and 0.5 mm coumarin. This was also the critical concentration step for closing of hooks exposed to red light ( Fig. 1) . The time sequence of the effect of coumarin on ethylene production and hook closure suggested a causal relationship (Fig.  3 ). Ethylene production increased almost 4-fold during the first 6 hr hooks were in coumarin and reached a peak rate between hr 6 and 12. Closing of hooks had started by 6 hr and continued for 24 hr. The increase in ethylene synthesis appeared to precede hook closing. By separating the crooked upper portion of the hook section from its straight portion, we determined that the major site of coumarin-induced ethylene synthesis was the hook (Table II) . In contrast, the lower hypocotyl showed the largest growth promotion in response to coumarin.
While coumarin induced hook closing in either Petri dishes or closed flasks, there was a question of whether the amount of ethylene produced by coumarin-treated hooks was adequate to close nontreated hooks. Hooks were treated with levels of ethylene (0.4 to 1.0 Al/liter) previously found to accumulate within 6 hr in flasks containing treated hooks (Fig. 3) . Actual ethylene levels were determined in all flasks at the end of the experiments. Ethylene in the range of concentrations produced by coumarintreated hooks caused significant closing of hooks (Fig. 4) . This was true despite the fact that hooks were given 2 hr, 18 hr, or con- (Fig. 4) . From additional tests we determined that ethylene at levels similar to or less than those produced by coumarin-treated hooks (Fig. 3) inhibited anthocyanin synthesis (Fig.  5) . Anthocyanin synthesis appeared more sensitive to ethylene than was hook opening (Fig. 4) . We detected higher levels of anthocyanin in control hooks not enclosed in chambers, which suggested that either: (a) the synthesis of anthocyanin was inhibited by the endogenously produced ethylene which accumulated (<0.05 ,ul/liter), or (b) other conditions associated with enclosing hooks in large Plexiglass chambers interfered with synthesis of the pigment. In addition to the above effects, we observed that geotropic bending of hooks was inhibited by ethylene in the concentrations employed in Figure 5 . sections, coumarin could still cause growth as measured by either parameter. In a second experiment, we measured the response of hypotocotyl sections to coumarin in the presence and absence of ethylene (1 ,l/liter). The results (Fig. 7) demonstrated that the growth-stimulating action of coumarin occurred in the presence of ethylene concentrations high enough to inhibit hook opening (Fig. 4) . We concluded that the stimulatory effect of coumarin on growth of the bean hypocotyl was not mediated by ethylene and could occur in presence or absence of ethylene (Figs. 6 and 7) .
DISCUSSION
Coumarin's activity as a growth inhibitor was first indicated by its toxicity to wheat plants (Reference 29 as cited in Reference 9). Subsequently, coumarin was shown to inhibit the growth of roots (3) and stem sections (30, 31) . Growth promotion by coumarin was first noted by its synergistic action with IAA in Avena coleoptile sections (30) . Subsequently, coumarin alone was shown to stimulate growth of stem and coleoptile sections (26, 27) , and, to a lesser degree, roots (Reference 11 and reviews in References 11, 27) .
Since the bean hypocotyl hook exists because the cells on the upper side are longer, i.e., growing faster, than those in the lower side (16) , hook closing by coumarin can be viewed as a selective growth inhibition which magnifies the existing difference in growth of cells on the upper and lower sides of the hook. Hook opening occurs in red light because of accelerated growth of cells on the lower side of the hook (16) . Therefore, prevention of red light-induced hook opening by coumarin can also be viewed as a growth inhibition.
There were several inhibitory effects of coumarin observed in this study: inhibition of hook opening, geotropic curvature, and anthocyanin synthesis. The hook opening process was studied in greatest detail. The data indicate that this effect of coumarin was mediated by the increased amount of ethylene produced in response to the inhibitor. This conclusion is supported by the following observations: (a) the close agreement between the concentration dependence of coumarin-induced ethylene production and hook closing (Figs. 1 and 2); (b) the parallel time sequence of ethylene synthesis and hook closing (Fig. 3) ; (c) the restriction of the bulk of coumarin-induced ethylene synthesis to the curved portion of the hypocotyl hook (Table II) while ethylene synthesis was elevated in the lower hypocotyl to rates approximating those in etiolated hooks (Reference 15 and Table II) ; and (d) the duplication of coumarin effects with exogenous ethylene (Fig. 4) in the levels produced by coumarin-treated hooks within 6 hr of enclosure in flasks (Fig. 3) .
That the amount of ethylene produced is adequate to account for the inhibitory effects of courmarin seems assured. The bean hook normally remains almost completely closed in the dark when it produces ethylene at the rate of 3.4 ,u1 Ikg. hr, and it opens in red light when the ethylene production drops to 1.3 4l,/kg hr (15) . Goeschl et al. (12, 13) reported a similar response of pea epicotyl ethylene production and growth to red light. Hooks treated with coumarin produced ethylene at 23 to 28 Al/kg hr in some of our tests following 18-hr exposure to the inhibitor (Table  II) . The average ethylene production rates during the first 6-hr period of the experiment in Figure 3 were 2.7 and 9.2 ,l kg hr for control and coumarin-treated hooks, respectively. In the periods which followed, ethylene production by control hooks declined while that for the coumarin-treated hooks increased to 19 to 22 l7l/kg -hr. Since these ethylene production rates by coumarintreated hooks are so much higher than amounts naturally required to keep the hook closed, it is not surprising that the treated hooks close even further. It is apparent that coumarin is affecting the synthesis of ethylene and not simply the release of ethylene already present, because relatively high rates of production are sustained for at least 24 hr.
Ethylene has been shown previously to inhibit various plant movements (4, 10, 32) . Since we found that ethylene in amounts produced by coumarin-treated hooks will inhibit geotropic bending and anthocyanin synthesis (Fig. 4 and text) , we concluded that the coumarin-induced inhibition of these processes (Table I) was also mediated by ethylene.
The involvement of ethylene in bean hypocotyl hook responses to coumarin suggests that many other "ethylene-like" actions of coumarin are mediated in part or completely by ethylene. This proposal would include growth inhibition by supraoptimal concentrations of coumarin (11, 30) as well as release of apical dominance (8 (27) . Further, coumarin-induced growth is more sensitive to the inhibitory action of diazouracil and thiouracil while IAA-induced growth is more sensitive to inhibition by actinomycin, puromycin, and chloramphenicol (19) . This situation is not likely if coumarin's auxin action is mediated by sparing of IAA. The question of whether the present effects of coumarin are direct or mediated through auxin sparing will be investigated further.
Our data on ethylene production by parts of the bean hypocotyl hook (Table II) are in agreement with the proposed regulatory role of ethylene in that tissue (15) and the pea epicotyl (12, 13) .
The relationship of the present findings to the extensive literature on coumarin as a germination inhibitor (see reviews in References 3, 21) is obscure. However, we have observed that coumarin inhibits the red light-mediated germination of lettuce seed and prevents the rise in ethylene production which parallels germination (25) . This suggests an action of coumarin in germination of lettuce seeds that is not mediated by induction of ethylene production.
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